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Background:Mechanisms of insulin resistance in type 2 diabetes are not known.
Results: A first dynamic mathematical model based on data from human adipocytes yields systems level understanding of
insulin resistance.
Conclusion:Attenuation of anmTORC1-derived feedback in diabetes explains reduced sensitivity and signal strength through-
out the insulin-signaling network.
Significance: Findings give a molecular basis for insulin resistance in the signaling network.

Type 2 diabetes originates in an expanding adipose tissue that
for unknown reasons becomes insulin resistant. Insulin resist-
ance reflects impairments in insulin signaling, but mechanisms
involved are unclear because current research is fragmented.
We report a systems level mechanistic understanding of insulin
resistance, using systems wide and internally consistent data
from human adipocytes. Based on quantitative steady-state and
dynamic time course data on signaling intermediaries, normally
and in diabetes, we developed a dynamicmathematicalmodel of
insulin signaling. Themodel structure and parameters are iden-
tical in the normal and diabetic states of the model, except for
three parameters that change in diabetes: (i) reduced concentra-
tion of insulin receptor, (ii) reduced concentration of insulin-
regulated glucose transporter GLUT4, and (iii) changed feed-
back from mammalian target of rapamycin in complex with
raptor (mTORC1). Modeling reveals that at the core of insulin
resistance in human adipocytes is attenuation of a positive feed-
back from mTORC1 to the insulin receptor substrate-1, which
explains reduced sensitivity and signal strength throughout
the signaling network. Model simulations with inhibition of
mTORC1 are comparable with experimental data on inhibition
ofmTORC1 using rapamycin in human adipocytes.We demon-
strate the potential of the model for identification of drug tar-
gets, e.g. increasing the feedback restores insulin signaling, both
at the cellular level and, using a multilevel model, at the whole
body level. Our findings suggest that insulin resistance in an
expanded adipose tissue results from cell growth restriction to
prevent cell necrosis.

Insulin is a prime controller of energy homeostasis in the
human body. Dysfunction in the insulin control perturbs

energy homeostasis with consequences in the form of disease
such as type 2 diabetes (T2D)3 and its corollaries cardiovascular
disease, nephropathy, and neuropathy. Insulin control of target
cells is relayed from the insulin receptor (IR) at the cell surface
to different cellular processes, such as glucose uptake and pro-
tein synthesis, through an intracellular signaling network. In
obesity the expanding adipose tissue, for poorly understood
reasons, responds to the hypertrophy and hyperplasia of the
adipocytes with a resistance to the hormone. Energy homeosta-
sis is tolerably maintained despite insulin resistance in the adi-
pose, muscle, and liver tissues as the insulin producing �-cells
compensate by releasing more insulin. Eventually, after many
years, the �-cells often fail to compensate and T2D can be diag-
nosed. Present understanding of insulin signaling is based on
identification and sequencing of individual signaling interme-
diaries in a wide variety of different cell types andmodel organ-
isms. There are many observations of differences between sig-
naling in diabetic and normal target tissues of insulin, but there
is neither consensus on their relative importance nor on how
they relate to each other.We need a systems approach to exam-
ine and understand insulin resistance, where systems wide
quantitative data are obtained in a consistent fashion and ana-
lyzed using mathematical modeling. Earlier models of insulin
signaling are based on limited data and data from different cell
types, and parameter values are often arbitrarily chosen (1).
Important examples of experimental and modeling analyses
that have provided mechanistic insights into insulin signaling
are insulin binding to its receptor (2), the early phase of insulin
signaling in human adipocytes (3), and insulin control of
mTORC2 activity in the HeLa cell line (4).
In an integrated experimental/modeling approach we have

earlier analyzed the very early phase of insulin signaling in
human adipocytes, restricted to signaling between the insulin
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substrate-1 (IRS1) (3). Themodel required both internalization
of the receptor and a feedback from IRS1 to IR to explain exper-
imental data. However, no analysis is available for the insulin-
signaling network in adipocytes, normally and in T2D, as
reviewed in Ref. 1.
We now report a quantitative and comprehensive systems

analysis of insulin signaling dynamics normally and in T2D.
This systems analysis rests on two pillars: (i) collection of
dynamic and steady-state data of key signaling intermediaries
in primary human mature adipocytes from non-diabetic indi-
viduals and, in parallel, from obese patients with T2D; and (ii)
mathematical modeling analysis that translates the systems
wide data to systems wide mechanistic insights. Our analyses
indicate that almost all signaling intermediaries are altered in
T2D, and that most alterations may be explained by a single
original effect: attenuation of a positive feedback frommamma-
lian target of rapamycin (mTOR) in complex with raptor
(mTORC1) to IRS1.

EXPERIMENTAL PROCEDURES

Subjects—Informed consent was obtained from all partici-
pants. Procedures have been approved by the ethics board,
Linköping University, and were performed in accordance with
the Declaration of Helsinki. Subcutaneous fat was obtained
from elective abdominal surgery during general anesthesia. A
slice of subcutaneous tissue from skin to muscle fascia was
excised. Subjects were recruited consecutively from elective
surgery at the University Hospital in Linköping-Norrköping.
To ensure inclusion only of patients with T2D related to obe-
sity, they were selected when diagnosed with T2D and as obese
or overweight (BMI � 27). In the comparison group, the only
selection criterion for non-diabetic subjects was that they were
not diagnosed with diabetes (supplemental Table S1). Thus,
there will be some obese insulin-resistant subjects in the non-
diabetic comparison group. This approach allows for examina-
tion of the common obesity-related type 2 diabetes and for a
wide significance of the results. We have earlier found that
there is no difference in the response to insulin between adi-
pocytes from male and female patients with T2D (5).
Materials—Rabbit anti-phospho-p70S6K-Thr-389 (number

9205), anti-phospho-S6-Ser-235/236 (number 2211), anti-
phospho-PKB-Ser-473 (number 9271), and anti-phospho-
IRS1-Ser-302 (number 2384, murine sequence) were from Cell
Signaling Technology (Danvers, MA). Mouse anti-phosphoty-
rosine (PY20) monoclonal antibodies were from Transduction
Laboratories (Lexington, KY) Rabbit anti-phospho-PKB-Thr-
308 antibodies were fromUpstate Biotech (Charlottesville, VA)
and Invitrogen (number 44-602G). Rabbit anti-phospho-
AS160-Thr-642 antibodies were from Millipore (number
07-802; Darmstadt, Germany). Monoclonal mouse anti-�-tu-
bulin antibodies were from Sigma (T5201) and anti-actin anti-
bodies were from Santa Cruz (sc-1616, Santa Cruz, CA).
Isolation and Incubation of Adipocytes—Adipocytes were

isolated from subcutaneous adipose tissue by collagenase (type
1, Worthington) digestion as described (6). Cells were treated
and incubated, at a concentration of 100 �l of packed cells per
ml, in a shakingwater bath in supplementedKrebs-Ringer solu-
tion as described (5).

SDS-PAGE and Immunoblotting—Cell incubations were ter-
minated by separating cells from medium using centrifugation
through dinonyl phtalate. To minimize postincubation sig-
naling and protein modifications cells were immediately dis-
solved in SDS and �-mercaptoethanol with protease and
protein phosphatase inhibitors, frozen within 10 s, and
thawed in boiling water for further processing, as described
(6). Immunoblotting after SDS-PAGE (5) was evaluated by
chemiluminescence imaging (Las 1000, Image-Gauge, Fuji,
Tokyo, Japan). The linearity of the chemiluminescence sig-
nal to the amount of each specific protein was ascertained
after adjusting the concentration of primary and secondary
antibodies used in the immunoblottings. �-Tubulin or actin
was used as a loading control and all samples were normal-
ized for the amount of �-tubulin or actin. For comparison of
the level of phosphorylation between non-diabetic and dia-
betic subjects a standard mixture of adipocyte proteins was
run in duplicate on each gel in order that all samples were
normalized to the mean intensity of the corresponding phos-
phorylated protein in the standard mixture.
Glucose Uptake—After transfer of cells to medium without

glucose cells were incubated with the indicated concentration
of insulin for 15 min, and then 2-deoxy-D-[1-3H]glucose (10
�Ci/ml) was added at a final concentration of 50 �M. Glucose
transport was then determined as uptake of 2-deoxy-D-[1-
3H]glucose during 30 min (7). As uptake in human primary
mature adipocytes is linear for at least 30 min (5), the rate of
uptake is constant and accumulated uptake of glucose is a
measure of the rate of glucose uptake.
Presentation of Experimental Data—All experimental values

are mean � S.E. for the indicated number (n) of cell prepara-
tions, which is the same as number of different subjects.
Mathematical Models—We used ordinary differential equa-

tions to create themechanisticmodel of insulin signaling (Fig. 1
and supplemental Fig. S1). For model simplicity we primarily
used mass-action kinetics and, only when required to explain
the data, Hill/Michaelis-Menten kinetics. A simple example of
an ordinary differential equation underlying Fig. 1B is shown in
Equation 1,

d�IRins�

dt
� k1a � insulin � IRm � k1c � IRins (Eq. 1)

where k1a and k1c are rate constants. All model equations are
given in the supplemental text, Section 2. Before simulating
stimulation of cells by insulin, a steady-state simulation was
performed to ensure steady-state initial conditions at basal con-
ditions according to experimental data. We did not change the
model parameters between steady-state and the stimulated
state. Absolute concentrations are not known and therefore the
total amount of each protein was set to 100%, except as indi-
cated in the diabetic state of the model.
The values of themodel parameters are not possible to deter-

mine experimentally for the system we study. We thus used an
optimization algorithm to test different values of the parame-
ters within realistic limits, and then evaluated the agreement
between the simulated output of themodel and the experimen-
tal data. The optimization is centered around a cost function,
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V(p), that for the quantitative agreement with experimental
data is given by the sum of least squares,

V� p� � �
i � 1

N � y�i� � ŷ�i,p��2

SE�i�2 (Eq. 2)

where y(i) contains the experimental data points, ŷ(i,p) the sim-
ulated output of themodel for the parameter vector p, and SE(i)
is the mean � S.E. of the experimental data. The index i of the
summation of least squares includes all measured proteins for all
measured time points. For the optimization we used the Systems
Biology Toolbox for Matlab (8) and its simannealingSBAO func-
tion, which is a combination of a global simulated annealing
approachwith a local, but not gradient-based, downhill simplex
approach. The models and a complete description of the mod-
eling are available in the supplemental material.

RESULTS

Insulin SignalingNormally—We investigated the signaling of
insulin to control of glucose transport and protein synthesis
(Fig. 1A) in primary humanmature adipocytes.We determined
glucose uptake and the state of phosphorylation of intermedi-
ary signal transducing proteins in response to insulin at (i) quasi
steady-state conditions using different concentrations of insu-
lin to determine the sensitivity to insulin,4 and (ii) the dynamics
of insulin signaling by determining the extent of phosphoryla-
tion at different time points in response to maximal insulin
stimulation (Fig. 2, blue symbols).
A visual inspection of the data identifies some features of the

signaling pathways. First, there is a marked increase in insulin
sensitivity (decreased EC50) at two steps: (i) from IR autophos-
phorylation to phosphorylation of IRS1 by IR, and (ii) from
phosphorylation of protein kinase B (PKB/Akt) at Thr-308
to phosphorylation of AS160 (Fig. 2, summarized in Fig. 3, A
andC). At the steps fromphosphorylation of IRS1 to phosphor-
ylation of PKB at Thr-308, and from phosphorylation of AS160
to enhanced glucose uptake, on the other hand, there are no
changes in sensitivity to insulin (Fig. 2, summarized in Fig. 3, A
and C). Second, the response time to insulin, to reach half
steady-state effect (t1⁄2) remains short throughout the pathway
to glucose uptake, and quasi steady-states are established after
�5min and last for at least 60min (Fig. 2, summarized in Table
1). Furthermore, IR and IRS1 phosphorylation exhibit over-
shoot behavior that peaks at around 1.5 min, before it reaches
steady-state (Fig. 2).
In addition to the signaling pathway leading to control of

glucose uptake, we determined signaling through the compo-
nents of the signaling branchmTORC1-S6K1-S6 that mediates
insulin control of protein synthesis (Fig. 1A). Activation of
mTORC1 by insulin is complex and as a minimum involves
PKB and ERK1/2 phosphorylation of TSC2, as well as PKB-

catalyzed phosphorylation and mTORC1-catalyzed autophos-
phorylation of the mTORC1 component PRAS40 (reviewed in
Ref. 9). We therefore followed the activation of mTORC1 as
phosphorylation of p70S6 protein kinase-1 (S6K1) and its sub-
strate the ribosomal protein S6 (S6), which serve as sequential
readouts of mTORC1 activity (Fig. 2). We have in human adi-
pocytes earlier identified a rapamycin-sensitive, positive feed-
back signal from insulin activationofmTORC1 tophosphoryla-
tion of IRS1 at Ser-307 (corresponding to Ser-302 in themurine
sequence) (10–13). This feedback appears to enhance phos-
phorylation of IRS1 at tyrosine in response to insulin (10–15).
Although existence of the feedback signal is undisputed, its
importance in human adipocytes and whether it represents a
positive or negative feedback has remained unsettled (reviewed
in Ref. 16).
Insulin Signaling in T2D—We also examined the response of

the different signaling intermediaries to insulin in adipocytes
obtained from patients diagnosed with T2D (Fig. 2, red sym-
bols). Considering the same basic features as above for the insu-
lin signaling pathway to control glucose transport normally, the
diabetic state displays a reduced sensitivity to insulin (up to 10
times higher EC50 than in non-diabetic state) for all states
except for autophosphorylation of IR, and phosphorylation of
PKB at Thr-308 where the effect is small (Fig. 2, summarized in
Fig. 3). Conversely, the data do not reveal any significant differ-
ences in the response time to insulin for any of the intermedi-
aries. However, phosphorylation of S6K1 and S6 display amuch
slower response to insulin, both normally and in T2D, than the
likewisemTORC1downstreamphosphorylation of IRS1 at Ser-
307 (Fig. 2, Table 1). A further important feature of the diabetic
state concerns the steady-state level of phosphorylation of the
different signaling intermediaries in response to maximal insu-
lin concentrations. Except for phosphorylation of PKB at Ser-
473, there is a marked and consistent reduction of the steady-
state phosphorylation of all signaling intermediaries in the
diabetic compared with normal cells (Fig. 2, Table 1).
A key feature of insulin resistance in the diabetic state is that

activation of mTORC1 by insulin is attenuated in adipocytes
fromdiabetic subjects. This attenuation ofmTORC1 activation
in T2D is demonstrated by (i) attenuation of mTORC1-medi-
ated phosphorylation of IRS1 at Ser-307 (Fig. 2, c2 and d2), and
of S6K1 (Fig. 2, d4) and its substrate S6 (Fig. 2, d5), (ii) by the
loss ofmTORC1 inhibition of autophagy (13), and (iii) impaired
maintenance of mitochondrial function (13).
Qualitative Modeling Shows the Need for a New Feedback to

IRS1—We analyzed the experimental data using modeling in
two stages: first usingminimalmodeling based on specific qual-
itative observations, and then, in a second stage, by the con-
struction of a detailed dynamicmodel based on all the data. The
minimal modeling approach is a valuable and independent
analysis, which we undertook for several reasons. First, large
scale data sets, as shown in Fig. 2, result in big models with a
corresponding high-dimensional parameter space that is more
or less impossible to search in an exhaustivemanner. Therefore
model predictions will not be unique conclusions based solely
on the data and the chosen model structure (so-called core
predictions (3, 17)), but also depend on the arbitrarily chosen
parameter values. Minimal models with few parameters, on the

4 Insulin sensitivity/resistance sometimes refers to the magnitude of the max-
imal insulin response. Herein we have restricted it to refer to the concen-
tration of insulin that produces a half-maximal response, such that higher
insulin sensitivity and lower insulin resistance results in a left-shift in the
dose-response curve to lower concentrations of insulin and lower EC50

values. Lower insulin sensitivity and higher insulin resistance consequently
refer to a right-shift to higher EC50 values.
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other hand, have the advantage that they can be analyzed with
unique predictions. Second, hypothesis testing with minimal
models is an approach centered on rejections, which are strong
conclusions that constitute valuable insights drawn from data.
We have already developed a minimal model for the IR-IRS1
subsystem (Mifa in Ref. 3), which involves insulin-controlled
phosphorylation of IR and IRS1 and only a feedback from an
unknown downstream intermediate X to dephosphorylation of
IR. The state X describes an unspecified feedback from IRS1 to

IR. Additionally, for the IR-IRS1 subsystem we can identify
key qualitative experimental observations that are well
determined and that involve the appearance of insulin resist-
ance: IR exhibits a clearly reduced steady-state phosphor-
ylation in T2D (Fig. 4A) but the sensitivity to insulin is not
affected (Fig. 2, a1). IRS1, on the other hand, exhibits both
reduced steady-state phosphorylation (Fig. 2, b2) and reduced
sensitivity to insulin (Fig. 4A). For these reasonswe undertook a
minimalmodeling approach to identifymechanistic differences

FIGURE 1. Insulin signaling network. Examined phosphorylation sites in signaling intermediaries are indicated (-P). A, schematic of insulin signaling pathways
examined. Blue arrows indicate signaling pathways; green arrow indicates positive feedback signal; gray arrow indicates GLUT4 translocation to the plasma
membrane in response to insulin signaling. B, structure of the mechanistic mathematical model of the insulin-signaling network. Model equations are detailed
in supplemental text, Section 2–3. Rate constants (at reaction arrows) and measured phosphorylation sites are indicated. The three diabetes parameters
introduced in the diabetes state of the model are indicated in red. a, active state; m, plasma membrane-localized state; i, internalized state. AS160, Akt substrate
of 160 kDa.
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between normal and T2D signaling that can or cannot explain
these qualitative observations.
We first analyzed the ability of a reduction in amount of IR

(as it is reduced to 55% of normal in T2D adipocytes (12, 18)) to
explain the qualitative observations regarding IR and IRS1
phosphorylation. More specifically, we used all parameters
determined for theMifamodel (3) that can simulate the normal
state in an acceptable manner and simulated a reduced amount
of IR (Fig. 4B, 1). As can be seen, reduction in the amount of IR
can explain the difference in the steady-state level of phosphor-
ylation, but not the altered sensitivity to insulin for phosphor-
ylation of IRS1. Also a corresponding reduction of IRS1 fails to
explain the reduced sensitivity to insulin, and the reduced
steady-state phosphorylation of IR (Fig. 4B, 2). We further
examined theMifamodel by altering the feedback fromX to IR,
which also was unable to produce a decreased sensitivity to
insulin (Fig. 4B, 3). None of these threemechanistic hypotheses
is an acceptable explanation for the observed reduction in insu-
lin sensitivity and are hence rejected. Finally, we examined a
fourth hypothesis, involving a feedback to IRS1, which can

explain the reduced sensitivity to insulin for phosphorylation of
IRS1 (Fig. 4C). Such feedbacks have been proposed in the liter-
ature (10–16, 19, 20) and the analysis above demonstrates that
either alteration of such a negative/positive feedback or some
other not yet tested mechanism is necessary to explain the
reduced insulin sensitivity in human adipocytes.
ADetailedDynamicModel of Insulin SignalingNormally and

in T2D—In the next modeling stage we constructed a detailed
dynamic model of the insulin-signaling network. We first
included all known reactions between the measured signaling
intermediaries and other signaling intermediaries that was
important for the structure of the signaling network and fitted
the model to the data in Fig. 2. Next, to reduce the number of
parameters in the model we removed redundant reactions, i.e.
reactions not needed to explain the data (supplemental Fig. S1).
The finalmodel (Fig. 1B) can reasonably well explain the exper-
imental data (Fig. 5, blue).

In adipocytes from patients with T2D, the concentration of
IR is reduced to 55% compared with non-diabetic adipocytes
(12, 18) and this reduction was therefore used to model the

FIGURE 2. Experimental analysis of insulin signaling normally and in T2D. Freshly isolated mature human adipocytes from non-diabetic (blue) or T2D
subjects (red) were incubated with insulin as indicated, and the extent of protein phosphorylation or glucose uptake was determined. a1-a4 show dose-
responses and b1-b4 show the corresponding time courses for the indicated insulin signaling intermediaries. a5, rate of glucose uptake with indicated
concentration of insulin. b5, rate of glucose uptake with or without insulin (10 nM), as indicated. c1, amount of internalized IR (% of total IR) at the indicated time
after addition of 100 nM insulin. Data from (3). d1, time course for phosphorylation of IRS1 at tyrosine, with 1.2 nM insulin added at t � 0, and additional insulin
to 10 nM added at t � 4 min. Data are from Ref. 3. c2-c3 and d2-d5, dose-responses and time courses for insulin signaling intermediaries as indicated. a1-a4 and
c2-c3, cells incubated with the indicated concentration of insulin for 10 min. b1-b2, cells incubated with 10 nM insulin for the indicated time. Data on normal cells
were from Ref. 3. b3-b4 and d2-d5, cells incubated with 10 nM insulin for the indicated time. Details about patients, and number of patients, donating adipocytes
in the different experiments are detailed in supplemental Table S1. Time course experiments show the extent of protein phosphorylation expressed in arbitrary
units (a.u.) that in each experiment are the same for non-diabetic and diabetic conditions and thus directly comparable. To compare dose-response/insulin
sensitivity/EC50, the extent of protein phosphorylation or rate of glucose uptake is normalized to between 0 and 100% phosphorylation or glucose uptake rate,
respectively. Time courses were determined for 60 min, but for clarity only the first 30 min are shown. Blue (non-diabetic) and red (diabetic) dots denote
experimental data � S.E. Lines denote fitting dose-response curves to sigmoidal curves (GraphPad Prism) or for time courses connection of data points.
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diabetic state. The intracellular level of IRS1, on the other hand,
is in human adipocytes not affected by insulin resistance or
T2D (10, 12), although the contrary has been suggested (21).
The concentration of the insulin-regulated glucose transporter
(GLUT4) is also reduced (to 30–70%) in adipocytes from dia-
betic patients compared with cells from non-diabetics (22–24).
In ourmodel we therefore introduced the lower concentrations
of IR andGLUT4, and a parameter that can increase or decrease
the mTORC1-mediated phosphorylation of IRS1 at Ser-307
(v2c in Fig. 1B) to simulate the insulin resistant/diabetic state
(Fig. 5, red lines). Except for these three diabetes parameters, all
other parameters were optimized to fit both the diabetic and
non-diabetic states of the model (supplemental Table S2). Best

fit to diabetes data were obtained with 50% of the normal con-
centration of GLUT4 and a positive feedback frommTORC1 to
IRS1 reduced to 15% of normal.
Examination of the Contribution of the Individual Diabetes

Parameters to the Diabetic State—As the final model includes
three specific differences (diabetes-parameters) between insu-
lin signaling normally and in T2D, we examined their rela-
tive influence on the diabetic state. The reduced concentra-
tion of IR alone only marginally influences signaling (mainly
the reduced steady-state autophosphorylation of IR) (Fig. 6A
and supplemental Fig. S2A). The reduced concentration of
GLUT4 only affects glucose uptake and explains the diabetic
effect on maximal insulin-stimulated glucose uptake (Fig. 6B

FIGURE 3. Comparison of sensitivity to insulin at the different signaling steps, normally and in adipocytes from subjects with T2D. Dose-response
effects of the indicated concentrations of insulin on the indicated signaling intermediaries and glucose transport using data from Fig. 2. A, adipocytes from
non-diabetic subjects display a shift in insulin sensitivity from IR to IRS1/PKB and from IRS1/PKB to AS160/glucose uptake. B, adipocytes from subjects with T2D
display a reduced sensitivity to insulin, most marked for IRS1 and AS160/glucose uptake, but the increased insulin sensitivity from IRS1 to AS160/glucose
uptake remains in subjects with T2D. The insulin sensitivity at IR and at PKB is not altered in subjects with T2D. C, a profile likelihood analysis (48) estimation of
mean and variance for the EC50 variables of non-diabetic (blue circles) and diabetic (red circles) subjects shows that EC50 of IRS1-YP and glucose uptake are
separated between non-diabetic and diabetic subjects, whereas EC50 of IR-YP and PKB-T308P are clearly overlapping and EC50 of AS160-T642P slightly
overlapping. Also, EC50 of IRS1-YP for non-diabetics is lower and separated from EC50 of IR-YP, whereas for diabetics IRS1-YP is higher and also separated. We
performed the profile likelihood analysis using a Hill equation to allow for variable slope and maximum values of the parameters of a sigmoid dose-response
curve.

TABLE 1
Summary of insulin responses for phosphorylation of different signaling intermediaries and for glucose uptake
Steady-state levels of phosphorylation and glucose uptake, determined atmaximal insulin concentrations, are presented as fold-increase over non-diabetic controls at basal
(without insulin) conditions.

Sensitivity EC50 Response time Basal level Steady-state level
Normala T2D Normal T2D Normal T2D Normal T2D

nM insulin t 1/2 min Fold-over basal control Fold-over basal control
IR-YP 0.95 1.2 1.0 NDb 1 0.8 4.3 1.5
IRS1-YP 0.28 2.4 1.0 ND 1 0.2 2.6 1.0
IRS1-S307P 0.23 0.85 0.7 2.0 1 0.6 4.4 1.9
PKB-T308P 0.30 0.41 ND ND 1 0.7 5.0 5.0
PKB-S473P 0.10 0.38 1.0 1.0 1 1.0 5.0 5.0
AS160-T642P 0.021 0.23 1.5 2.0 1 0.4 2.9 1.3
Glucose uptake 0.037 0.17 ND ND 1 0.3 2.1 1.0
S6K1-T389P ND ND 7.5 7.5 1 0.7 4.1 2.6
S6-S235P/S236P 0.3 ND 15 1 1.5 4.3 2.5

a Normal, non-diabetic controls.
b ND, not determined.
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and supplemental Fig. S2B), but is irrelevant for the reduced
sensitivity to insulin. Instead, the reduced sensitivity to insu-
lin, for glucose uptake and for all signaling intermediaries, is
explained by attenuation of the positive feedback from
mTORC1 to IRS1. This attenuated positive feedback also
explains most of the reduction of the maximally insulin-
stimulated steady-state levels of phosphorylated signaling inter-
mediaries in the diabetic cells (Fig. 6C and supplemental Fig. S2C).
It should be noted that we did not explicitlymodel the feedback
from mTORC1 to IRS1 as positive or negative. Instead we
allowed for both variants in the optimization, and reached the
best agreement betweenmodel simulation and the quantitative
data whenwe used attenuation of a positive feedback to explain
the diabetic state.
Attenuation of mTORC1 activation and feedback from

mTORC1 to IRS1 is hence the most important change going
from normal to diabetic signaling, as this change alone impacts
thewhole insulin signaling network. This is further emphasized
considering that transcription of the GLUT4 gene is regulated
by mTORC1 through control of the transcription factor sterol
regulatory element-binding protein 1 (25–27). Therefore,
attenuation of mTORC1may impair both long-term transcrip-
tion of GLUT4 and acute signaling to translocation. The
reduced concentration of IR may be a result of the hyperinsu-
linemia associated with insulin resistance (18). Interestingly,
attenuated mTORC1 signaling enhances autophagy in diabetic
human adipocytes (13) and may thus also explain the reduced
concentration of IR (28).
Model Analysis and Validation—Our integrated experimen-

tal modeling approach to a systems analysis of normal and dia-

betic insulin signaling in human adipocytes identifies attenu-
ated activation ofmTORC1 and the corresponding attenuation
of the feedback to IRS1 as a keymechanism in insulin resistance
of T2D. Rapamycin in complex with the cellular protein
FKBP12 is a specific inhibitor of mTORC1. We analyzed in
somedetail how inhibition ofmTORC1 affects insulin signaling
through the insulin signaling network in our dynamic model,
thus in silicomimicking the effect of rapamycin (supplemental
Fig. S3). In a dose-dependent manner rapamycin simulation
(50–93% inhibition of mTORC1 signaling) reduced the effect
of insulin on all phosphorylated intermediaries. Unexpectedly,
also IR autophosphorylation was decreased by rapamycin,
which is due to that IRS1 exists in several activated states in the
model. It is only the tyrosine- (but not Ser-307) phosphorylated
IRS1 state that activates the negative X-feedback to IR (Fig. 1B),
and this particular IRS1 state is increased in response to rapa-
mycin (supplemental Fig. S3B). However, the sum of the two
tyrosine-phosphorylated states of IRS1 (Table 2 and supple-
mental Fig. S3) is reduced in the rapamycin simulation as
expected.
The effects of simulating rapamycin inhibition of mTORC1

in the model are corroborated by experimental inhibition of
mTORC1 in human mature adipocytes with rapamycin. (i)
Rapamycin markedly inhibited the insulin-stimulated increase
in the phosphorylation of S6 (Fig. 7A). (ii) Rapamycin has been
reported to inhibit the insulin-stimulated increase in autophos-
phorylation of IR (Fig. 7B) (29). (iii) The marked right-shift of
the dose-response curve for insulin stimulation of IRS1 phos-
phorylation at tyrosine, to higher concentrations of insulin, has
been experimentally verified (Fig. 7C) (10). (iv) The reduction

FIGURE 4. Qualitative model analysis of the initial phase of insulin signaling. A, experimental observations of steady-state phosphorylation of IR (10 nM

insulin for the indicated time) and insulin sensitivity for phosphorylation of IRS1 at tyrosine (indicated concentration of insulin for 10 min), normally (blue) and
in T2D (red). B, model simulations of time course for phosphorylation of IR, or dose-response curves for phosphorylation of IRS1 at tyrosine in response to
increasing concentrations of insulin, with reduced levels of IR or IRS1, or increased feedback to IR. The effects of the indicated perturbations were examined
through core prediction analysis (3) using a model for the initial phase of insulin signaling (3). C, model simulations of dose-response curves for phosphory-
lation of IRS1 at tyrosine in response to increasing concentrations of insulin, with decreased positive or increased negative feedback to IRS1. The effects of the
indicated perturbations were examined through qualitative analysis of the minimal model in the figure (supplemental text, Section 1).
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of the steady-state phosphorylation of IRS1 at Ser-307 has been
shown experimentally (Fig. 7D) (10). (v) A small reduction of
the steady-state phosphorylation of AS160 has been experi-
mentally demonstrated (Fig. 7E) (29). (vi) Rapamycin has been
reported to inhibit insulin-stimulated uptake of glucose by
human adipocytes (Fig. 7F) (29). The insulin-stimulated phos-
phorylation of PKB at Ser-473 was, however, not affected by
rapamycin (Fig. 7G). As expected, the diabetic state of the
model is largely reproduced by the simulated effect of rapamy-
cin inhibition of mTORC1, except for (i) the reduced internal-
ization of IR, which in the diabetic state of the model is due to
the reduced concentration of IR (supplemental Fig. S2); (ii) the
dose-response curve for phosphorylation of PKB at Thr-308,
which in the diabetic state of the model is a combined effect of
reducedmTORC1 feedback to IRS1 and reduced concentration
of IR (supplemental Fig. S2); and (iii) the basal and maximal
stimulation of glucose uptake by insulin, which in the diabetic
state of the model are the results of the reduced feedback from
mTORC1 and reduced concentration ofGLUT4 (supplemental
Fig. S2). The importance of the feedback from mTORC1 to
IRS1 also neatly explains enigmatic findings from phosphopro-

teomic screens in human embryonic kidney (HEK)-293E cells
and mouse embryonic fibroblasts, which have demonstrated
that most phosphorylation events stimulated by insulin are
blocked by mTOR inhibition (30, 31).
Identification of Potential Drug Targets—Our model of insu-

lin signaling in adipocytes, normally and in T2D, is driven by
data exclusively from isolated human mature adipocytes.
Therefore the model is directly relevant to human disease and
has the potential for in silico identification of targets for treat-
ment.Wehave demonstrated how the feedback frommTORC1
to IRS1 is attenuated in T2D and how this can cause the impair-
ment observed in insulin signaling and much of the insulin-de-
pendent uptake of glucose by the adipocytes (including a sec-
ondary reduction of GLUT4 levels through reduced mTORC1
activation of sterol regulatory element-binding protein 1). An
obvious target for treatment is thus inhibition of the protein
phosphatase that dephosphorylates IRS1 at Ser-307P. Simulat-
ing the diabetic state of the insulin-signaling model with such
perturbation predicts that insulin sensitivity is fully restored
(Fig. 8A), and that basal and maximal glucose uptake (which
depends on the concentration of GLUT4) are only slightly

FIGURE 5. Detailed dynamic model of insulin signaling normally and in T2D. Comparison of model simulation (lines) and experimental data (dots) for insulin
signaling, normally (blue) and in T2D (red). Model simulations were performed to mimic the experimental conditions, and the same simulations were performed
for the normal and the T2D state. a1-a4 and c2-c3, dose-response was simulated using increasing values of the insulin input (0 –100 nM as indicated) and the
response after 10 min was plotted. The simulated values were normalized between 0 and 100%. a5, dose-response of glucose uptake was simulated using
increasing values of the insulin input (0 –100 nM as indicated) during 15 min followed by 30 min with a glucose (0.05 mM) input, without removing the insulin
input. The simulated values were normalized between 0 and 100%. b5, absolute glucose uptake was simulated using 0 and 100 nM insulin as input for 15 min
followed by 30 min with a glucose (0.05 mM) input, without removing the insulin input. We used a normalization constant to fit the normal glucose uptake to
data, and the same constant for the T2D glucose uptake. b1-b4, c4-c5, and d2-d5, time course was simulated using 10 nM insulin during 30 min. We used a
normalization constant to fit the normal time courses to data, and the same constant for the T2D time course. c1, time course was simulated using 10 nM insulin
during 30 min. d1, double-step stimulation was simulated using 1.2 nM insulin as input for 4 min followed by 10 nM insulin for 4 min. We used a normalization
constant to fit the normal time course to data, and the same constant for the T2D time course. Experimental details are described as in the legend to Fig. 2.
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affected (Fig. 8B). This finds some experimental support when
the dose-response phosphorylation of IRS1 at tyrosine in dia-
betic adipocytes was restored to normal after treating the cells
with the phospho-serine/threonine protein phosphatase inhib-
itor okadaic acid, which also enhanced the phosphorylation of
IRS1 at Ser-307 (10). Although okadaic acid will affect the state
of phosphorylation of many cellular proteins, such as PKB,
tyrosine phosphorylation of IRS1 is directly downstream of IR
and is not directly affected by okadaic acid-inhibited serine/
threonine protein phosphatases.
We have previously integrated amodel of insulin signaling as

an adipocyte submodel in awhole bodymodel of glucose home-
ostasis of non-diabetic subjects (32). Using this multilevel
model (33) we can evaluate potential drug targets in the context
of glucose homeostasis during a meal. To simulate our detailed

insulin-signaling model in this whole body context we first
inserted our detailed insulin-signaling model in the multilevel
model. We found that this comprehensive multilevel model
explains glucose uptake by the adipose tissue during ameal (Fig.
8C, blue). Next, we used the diabetic version of the whole body
model, with data obtained during intake of a meal by diabetic
subjects (32), and adjusted the detailed insulin-signaling sub-
model to its diabetic state with the three diabetes parameters.
This diabetic multilevel model can account also for glucose
uptake by adipose tissue during ameal ingested byT2Dpatients
(Fig. 8C, red). Using thismultilevel model of glucose homeosta-
sis in diabetes, we examined how an increase of the feedback
frommTORC1 to IRS1 affects glucose uptake by adipose tissue
in the diabetic whole body context. The resulting prediction of
the multilevel model was an increase in the insulin-stimulated
glucose uptake by the adipose tissue (Fig. 8D). Note that we
restore insulin signaling only in the adipose tissue module and
not in the other organmodules, for example, the insulin releas-
ing module. Therefore, the multilevel model cannot fully
restore normal dynamics of the adipose tissue glucose uptake.
These results, nonetheless, demonstrate the potential of the
developed multilevel insulin-signaling model.

DISCUSSION

The data presented herein are unique in the ways they have
been obtained to construct a mathematical model of insulin
signaling in type 2 diabetes of obesity. First, all data are obtained
from human mature adipocytes, which is where the obesity
related insulin resistance likely starts. This also means that all

FIGURE 6. Model analysis of the individual contribution of the three diabetes parameters to insulin resistance. The simulated effect of reducing the
concentration of IR (A) or GLUT4 (B), or reducing the feedback from mTORC1 to IRS1 (C) in the non-diabetic state of the detailed dynamic model (red dotted lines,
red open bars) is compared with simulation of normal state (blue lines, blue filled bars) and simulation of diabetic state (red lines, red filled bars). A comprehensive
analysis is shown in supplemental Fig. S2.

TABLE 2
Summary of experimentally measured variables and corresponding
states in the model

Measured variable Sum of states in model

IR-YP IRm-YP � IRi-YP
Internalized IR IRi � IRi-YP
IRS1-YP IRS1-YP � IRS1-YP-S307P
IRS1-S307P IRS1-S307P � IRS1-YP-S307P
PKB-T308P PKB-T308P � PKB-T308P-S473P
PKB-S473P PKB-S473P � PKB-T308P-S473P
AS160-T642P AS160-T642P
S6K-T389P S6K-T389P
S6-S235P/S236P S6-S235/236P
Glucose uptake Glucose
Active mTORC1 mTORC1a
Active mTORC2 mTORC2a
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data are from the same cell type. Second, data are collected
throughout the signaling network, in a consistent fashion,
allowing for combining the data in a systems analysis. Third,
data are obtained in parallel with cells from both non-diabetic
subjects and obese patients with T2D, making it possible to
identify diabetes-specific signaling in T2D (which is a human
disease). Fourth, the data consist of both dose-response data at
quasi steady-states and relatively highly resolved time courses.
Such time courses provide a crucial function in unraveling
complex systems, especially using mathematical modeling.
These data (supplemental Material) are thus also a valuable
resource for future models incorporating data on additional
signaling intermediaries and additional signaling branches of
the network, e.g. to control of lipolysis.
To identify a systems wide mechanistic hypothesis is a com-

plex task and we therefore took different and complementing
approaches. First, we used traditional visual inspection and
direct analysis of data, to identify how key signaling properties,
such as time scales, sensitivity to insulin, andmaximal effects of
insulin, evolve through the network. Second, using conclusive
minimal modeling (without relying on details in data and spe-
cific parameter values in themodel) we rejected several hypoth-
eses and showed that a feedback to IRS1 can explain the data.
Third, through a dynamicmathematicalmodel that takes all the
details in data into account, we further refined understanding
of the feedback to IRS1. This detailed dynamic model shows
that although differences between normal and diabetic signal-
ing appear throughout the system, the majority of them can be

FIGURE 7. Model analysis and experimental validation with inhibition of
mTORC1. Model simulations of the effect of rapamycin inhibition of mTORC1
(cyan) before stimulation with insulin (left panels) and experimental valida-
tion (right panels). The different lines in the model simulations represent the
effect of 50, 75, 83, 88, 90, 92, and 93% inhibition of mTORC1. Simulations of
the normal state (blue) are the same as in Fig. 5. A comprehensive model
analysis with inhibition of mTORC1 is shown in supplemental Fig. S3. A, left
panel, model simulation for phosphorylation of S6 at Ser-235/236 with (cyan)
or without (blue) rapamycin inhibition of mTORC1. Right panel, adipocytes

from non-diabetic subjects were preincubated with (cyan) (n � 3) or without
(blue) (n � 6) 50 nM rapamycin for 30 min and then stimulated with 10 nM

insulin for the indicated time, when cells were analyzed for the extent of
phosphorylation of S6 at Ser-235/236 by SDS-PAGE and immunoblotting
(mean � S.E.) B, left panel, model simulation for phosphorylation of IR at tyro-
sine with (cyan) or without (blue) rapamycin inhibition of mTORC1. Right
panel, adipocytes from non-diabetic subjects were preincubated with (cyan)
or without (blue) 10 nM rapamycin for 15 min and then with 1000
microunits/ml of insulin for 15 min, when phosphorylation of IR at Tyr-1146
was analyzed by SDS-PAGE and immunoblotting. Data are from Ref. 29. C, left
panel, model simulation for phosphorylation of IRS1 at tyrosine with (cyan) or
without (blue) rapamycin inhibition of mTORC1. Right panel, adipocytes from
non-diabetic subjects (n � 5) were preincubated with (cyan) or without (blue)
50 nM rapamycin for 30 min and then with the indicated concentration of
insulin for 10 min, when phosphorylation of IRS1 at tyrosine was analyzed by
SDS-PAGE and immunoblotting (mean � S.E.). Data are from Ref. 10. D, left
panel, model simulation for phosphorylation of IRS1 at Ser-307 with (cyan) or
without (blue) rapamycin inhibition of mTORC1. Right panel, adipocytes from
non-diabetic subjects (n � 5) were preincubated with (cyan) or without (blue)
50 nM rapamycin for 30 min and then with 100 nM insulin for 10 min, when
phosphorylation of IRS1 at Ser-307 was analyzed by SDS-PAGE and immuno-
blotting (mean � S.E.). Data are from Ref. 10. E, left panel, model simulation for
phosphorylation of AS160 at Thr-642 with (cyan) or without (blue) rapamycin
inhibition of mTORC1. Right panel, adipocytes from non-diabetic subjects
were preincubated with (cyan) or without (blue) 10 nM rapamycin for 15 min
and then with 1000 microunits/ml of insulin for 15 min, when phosphoryla-
tion of AS160 at Thr-642 was analyzed by SDS-PAGE and immunoblotting.
Data are from Ref. 29. F, left panel, model simulation for insulin stimulation of
glucose uptake with rapamycin inhibition of mTORC1. Right panel, human
subcutaneous adipocytes from non-diabetic subjects (n � 23) were preincu-
bated with 10 nM rapamycin for 15 min and then with 1000 microunits/ml of
insulin for 15 min, when [14C]glucose uptake was determined for 45 min. Data
are from Ref. 29. G, left panel, model simulation for phosphorylation of PKB at
Ser-473 with (cyan) or without (blue) rapamycin inhibition of mTORC1. Right
panel, adipocytes from non-diabetic subjects were preincubated with (cyan)
(n � 3) or without (blue) (n � 8) 50 nM rapamycin for 30 min and then stimu-
lated with 10 nM insulin for 10 min, when cells were analyzed for the extent of
phosphorylation of PKB at Ser-473 by SDS-PAGE and immunoblotting
(mean � S.E.).
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explained by attenuation of a positive feedback frommTORC1
to IRS1 alone. The model we have developed is important
because it constitutes a first quantitative systems wide descrip-
tion of themechanisms involved in insulin signaling and insulin
resistance in human adipocytes, which also includes a link to
the whole body level. Moreover, key properties of the model
were corroborated by independent experiments and we have
demonstrated how themodel can be used to simulate the action
of drugs.
Themodel is relatively complexwithmany estimated param-

eters; it is therefore necessary to consider the robustness and
uniqueness of the obtained conclusions. One aspect of robust-
ness considers the choice of parameter values. In the model
more than 40 parameters were fitted to data and the exact
parameter values obtained are not unique. In particular,
changes in the relative weight allotted to different aspects of
data can affect model predictions. However, the qualitative
minimal modeling was done in a conclusive fashion, such that
those conclusions are not dependent on parameter values or
weights in the cost function. Another type of robustness con-
cerns themodel structure. Our presentedmodel is not the final
description of insulin signaling and insulin resistance, but it is
the first suchmodel. Future work will provide improvements of
the model structure, both regarding feedbacks and cross-talk
with other signaling branches, such as insulin signaling through
the MAP kinase pathway to mTORC1 and signaling for tran-
scriptional control, as well as signaling in other cell types. In
particular data on the antilipolytic action of insulin can extend
our model to include control of lipolysis, which is a major met-
abolic function of the adipocytes and also a major aberration in
T2D. Such an extension is consequently also important for the
model to be really useful. This will be particularly interesting as
it involves cross-talk with signaling through the �-adrenergic

receptor and thus requires modeling the action of two interact-
ing hormones.
The literature is replete with data implicating the phosphor-

ylation of IRS1 at different serine/threonine residues in positive
or negative control of insulin signaling and in positive or nega-
tive feedback loops of insulin signaling (16). The importance of
cell type and experimental conditions implicating negative or
positive effects is illustrated by the phosphorylation of IRS1 at
serine 312 (human sequence, corresponding to serine 307 in
murine sequence), an established negative effect in different
experimental setups (34–36) that in a knock-in experiment
eventually was found to have a positive effect on insulin signal-
ing in mice in vivo (37). Examining different aspects of insulin
signaling we (10–13) and others (14, 15) have previously found
that phosphorylation of IRS1 at serine 307 in response to insu-
lin is associatedwith a positive feedback. The systems approach
we used herein demonstrates that a positive feedback to IRS1
can best explain the experimental data for the whole system.
Although the phosphorylation of IRS1 at serine 307 fits the bill,
parallel phosphorylation at other sites in IRS1 may convey or
add to the positive feedback signal. Conclusive demonstration
of the sites involved requires identification of all possible phos-
phorylation sites and their systematic evaluation. Nevertheless,
our findings establish that a positive feedback signal to IRS1 is
attenuated in T2D, and this was mimicked by different treat-
ments that also inhibit phosphorylation of IRS1 at Ser-307:
inhibition of mTORC1 with rapamycin (10), induction of insu-
lin resistance with the adipokine RBP4 (11), and inhibition of
mitochondrial function (13).
We found that activation of mTORC1 is attenuated in adi-

pocytes from patients with T2D whether or not they were on
treatment with the insulin-sensitizing drug metformin (Fig. 9).
In addition, attenuation of mTORC1 activity in adipocytes

FIGURE 8. Effects on glucose uptake at the cellular and whole body levels when treating T2D by increasing the feedback from mTORC1 to IRS1. A and
B, model simulations with the detailed mechanistic model of insulin signaling for the diabetic state, with a lowered rate of dephosphorylation of IRS1 at Ser-307
(v2d in Fig. 1B). A, glucose uptake by adipocytes in response to the indicated concentrations of insulin (red dashed lines) shows normalized insulin sensitivity.
B, basal and maximal insulin-stimulated uptake of glucose (red open bars) are only slightly affected by the perturbation. Continuous blue/red lines and filled
blue/red bars indicate model simulations of normal/diabetic adipocytes. C and D, model simulations, with the comprehensive combined whole body model, of
glucose uptake by the adipose tissue in response to a meal. C, model simulations for normal subjects (blue line) compared with diabetic subjects (red line).
Also indicated are calculated data from the whole body level models for normal non-diabetic (blue dots) and diabetic subjects (red dots). D, model
simulations for diabetic subjects with a 10 times increased feedback from mTORC1 to IRS1 (red dashed line) compared with normal (blue line) and
diabetic (red line) subjects.
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from non-diabetic subjects also directly correlates with the
extent of insulin resistance of the adipocyte donors (13). This is
important as many conditions associated with insulin resist-
ance, such as inflammation, ER-stress, hypoxia, and mitochon-
drial dysfunction, are all well known to inhibit mTORC1.
Unfortunately it is not possible to draw any strong conclusions
from the knock-out of mTORC1 regarding its normal function
in human adipocytes. In animal studies, adipose specific knock-
out of raptor has caused partial transdifferentiation of white
adipocytes to brown, with e.g. expression of the mitochondrial
uncoupling protein UCP1 (38). Also, whereas knock-out of
either raptor (39) or rictor (40) in muscle has generated mice
with impaired glucose tolerance, knock-out ofmTOR (41) does
not affect glucose tolerance.
It should be noted that our data and model describe the two

states, non-diabetes and diabetes, and are not describing the
transition from the non-diabetic to the diabetic state, although
they do suggest possible pathogenic mechanisms of insulin
resistance. Attenuation of mTORC1 activity may be a logical
response to obesity considering that, although the size of
human adipocytes vary, their maximal size appears to be �0.3
mm in diameter (42). Cells can only get so big, there is an upper
limit beyond which cellular integrity and function are compro-

mised. Attenuation of mTORC1 signaling is an effective means
for the adipocyte to restrict accumulation of triacylglycerol and
further cell growth. Indeed it has been reported that large adi-
pocytes are more insulin resistant than smaller from the same
individual (43, 44), that there are more small adipocytes in
obese insulin-sensitive compared with obese insulin-resistant
individuals (42), that adipocyte size predicts incidence of T2D
(45), and that the inhibitory effect of rapamycin on insulin stim-
ulation of glucose transport is related to the size of the adi-
pocytes (29). It can be noted that this mechanism for insulin
resistance in obesity is in concord with the current view of how
obesity induces insulin resistance in other tissues through
ectopic storage of fat as a result of filled adipose stores
(reviewed in Ref. 46). It remains to understand how mTORC1
can sense and respond to cell size. However, a disappointing
implication is that insulin resistance in adipocytes cannot be
cured by restoring insulin signaling; not without consequences
such as necrosis of oversized cells. Instead, recruitingmore adi-
pocytes to relieve the pressure on big cells should improve insu-
lin sensitivity. Interestingly, this is amechanism of action of the
thiazolidinedione class of peroxisome proliferator-activated
receptor-� agonists (47) that have been widely used to success-
fully improve insulin sensitivity in the adipose tissue in treat-
ment of T2D.
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Romanino, K., Bauché, S., Hantaï, D., Mueller, M., Kozma, S. C., Thomas,
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